Plants have evolved a plethora of mechanisms to circumvent the potential damaging effects of living under low phosphorus availability in the soil. These mechanisms include different levels of organization, from root-shoot signalling at the whole-plant level to specific biochemical responses at the subcellular level, such as reductions in photosynthesis and the consequent activation of photo-and antioxidant mechanisms in chloroplasts. Some recent studies clearly indicate that severe phosphorus deficiency can lead to alterations in the photosynthetic apparatus, including reductions in CO 2 assimilation rates, a down-regulation of photosynthesis-related genes and photoinhibition at the photosystem II level, thus causing potential photo-oxidative stress. Photo-oxidative stress is characterized by an increased production of reactive oxygen species in chloroplasts, which at low concentrations can serve a signalling, protective role, but when present at high concentrations can cause damage to lipids, proteins and nucleic acids, thus leading to irreversible injuries. We discuss here the mechanisms that phosphate-starved plants have evolved to withstand photo-oxidative stress, including changes at the subcellular level (e.g. activation of photo-and antioxidant protection mechanisms in chloroplasts), cellular and tissular levels (e.g. activation of photorespiration and anthocyanin accumulation) and whole-plant level (alterations in source-sink relationships modulated by hormones). Of particular importance is the current evidence demonstrating that phosphate-starved plants activate simultaneous responses at multiple levels, from transcriptional changes to root-shoot signalling, to prevent oxidative damage. In this review, we summarize current knowledge about the occurrence of photo-oxidative stress in phosphate-starved plants and highlight the mechanisms these plants have evolved to prevent oxidative damage under phosphorus limitation at the subcellular, cellular and whole-plant levels.
Introduction
Phosphorus (P) is one of the most abundant macronutrients in plant tissues, but the low availability of this element in the substrate is often the limiting factor for plant growth and development. P is found in concentrations ranging from ~0.1 to 1% of the dry matter in plant tissues so, together with N and K, it is one of the three most abundant nutrients in plants (Marschner, 2012) . P is required for many aspects of plant biology, and of cell biology in general in any living organism, such as the formation of membrane phospholipids, the use of ATP as energy exchange currency, the regulation of cellular processes by (de)phosphorylation of metabolites, or the structure of nucleic acids, among others. Plants have however some specific metabolic processes (e.g. photosynthesis, photorespiration), or growth patterns (modular growth characterized by complex relationships between sources and sinks of photoassimilates), that makes the study of the effects of P availability in plant physiology of particular interest.
Plants acquire P as inorganic phosphate (herein Pi), which in aqueous solution is in equilibrium as H 3 PO 4 , H 2 PO 4 -, HPO 4 2-and PO 4 3-anions. Under physiological pH (5-6), in which the maximum Pi intake by roots is attained, H 2 PO 4 -, and to a minor extent HPO 4 2-, is the most abundant Pi form, so this anion is the main form in which Pi is absorbed by plants ( Ullrich-Ebrius et al., 1984; Furihata et al., 1992; Schachtman et al., 1998) . Due to its chemical properties, Pi is easily immobilized in the soil by forming insoluble complexes or precipitates with either organic matter or mineral cations (Al 3+ or Fe 3+ in acidic soils and Mg 2+ or Ca 2+ in calcareous soils), or by leaching (Manning, 2008) . Thus, despite being abundant, Pi is scantly available for plants and it is often one of the most important mineral nutrients limiting plant growth and development, and therefore crop yield (Manning, 2008; Marschner, 2012) . The substantial increment of crop productivity experienced from the 1940s to the 1960s was due, to a significant extent, to the incorporation of fertilization as a regular agricultural practice (Cordell et al., 2009) . But, whereas N can be readily fixed at an industrial scale and K is very abundant in most soils (Smil, 2001; Marschner, 2012) , Pi is nowadays obtained almost exclusively from mining (Manning, 2008; Van Kauwenbergh, 2010) . In addition, only about a 20% of the Pi provided as fertilizers is absorbed by plants, so cropped lands often need to be Pi-fertilized to keep up with productivity (Mishima et al., 2003; Shuman, 2003) . On the other hand, leached Pi accumulates in freshwaters, consequently causing serious environmental pollution that leads to eutrophication (Schindler, 1977; Bennett et al., 2001; Carpenter, 2005) . But the increasing demand for high crop productivity due to the increasing world population and the advent of bioenergetic crops discourage farmers from cutting back on Pi fertilization. In this scenario, the most optimistic predictions forecast that Pi sources may be exhausted, or extremely dwindled, in less than 400 years (Van Kauwenbergh, 2010) . Concomitantly, as Pi sources become scarcer the costs of obtaining it increase (Van Kauwenbergh, 2010) , and the environmental impact of Pi accumulation in freshwaters worsens (Carpenter, 2005) . Thus, it is of great importance to understand plant responses to decreased Pi availability to optimize the use of Pi fertilization and other P sources if we are to increase, or at least maintain, crop productivity in a sustainable manner.
Pi uptake and transport are tightly regulated to ensure the optimal use of the available P. Pi may enter the plant roots by crossing the plasma membrane (entering the symplast) or through the apoplast, but at some point it must enter the symplastic path to overcome the Casparian strip and reach the vascular bundle (Rausch and Bucher, 2002) . Soil Pi concentrations are usually below 10 μM while those in plant tissues range from ~5 to 20 mM, and Pi mobility across the soil is very low (10 -12 -10 -15 m -2 s -1 ), so that Pi uptake by roots creates a depletion zone in the rhizosphere (Raghothama, 1999; Cavagnaro et al., 2001) . The steep electrochemical gradient against which Pi moves necessitates active Pi transport from the soil or the apoplast, into the symplast. The incorporation of Pi into the root symplast is achieved by the action of different Pi transporters, among which the high affinity family of Pi/H + cotransporters PHT1 is of prominent importance (Ulrich-Eberius et al., 1981; Sakano, 1990; Rausch and Bucher, 2002; Nussaume et al., 2011; López-Arredondo et al., 2014) . The Pi transport mediated by PHT1 transporters is coupled to H + extrusion by membrane ATPases that pump H + to the apoplast coupled to ATP hydrolysis, thereby preventing the alkalinization of the extracellular medium (reviewed by Raghothama, 1999) . Once in the symplast, Pi moves across root cells through plasmodesmata (Clarkson, 1993) . A small amount of the absorbed Pi remains in the root cells to meet their Pi needs, but the remaining is loaded into the xylem for long-distance transport, so in the pericycle cells Pi must cross a plasma membrane again (in this case, however, following a favourable chemical gradient). The PHO1 protein was shown to mediate Pi loading into the xylem in Arabidopsis (Arabidopsis thaliana L.), but it is still unclear whether PHO1, or any other protein involved, work as uniporters or as solute channels (Hamburger et al., 2002) . At the other end, Pi is unloaded from the xylem in the target cell/tissue by plasma membrane Pi transporters (Nussaume et al., 2011) . In addition, Pi is also redistributed by phloem transport from source tissues under Pi deficiency (Mimura, 1999; Raghothama and Karthikeyan, 2005) . While members of the PHT1 family localize mainly-but not exclusively-in root epidermal cells, members of the PHT2, PHT3 and PHT4 families, which are Pi transporters with similar features to their PHT1 relatives and a range of affinities for Pi, localize in the plastid inner membrane, mitochondrial inner membrane, and the Golgi apparatus, respectively (López-Arredondo et al., 2014) . This differential distribution of PHT transporter families is thought to mediate the distribution of Pi among different organelles, cells, tissues and organs (Versaw and Harrison, 2002; Raghothama and Karthikeyan, 2005; Guo et al., 2008; Nussaume et al., 2011) .
When plants are under Pi deficiency they display a set of mechanisms aimed at increasing Pi uptake and redistributing Pi among the different organs, tissues, cells and organelles that require it most in order to optimize its use. Classically, the study of plant responses to Pi deficiency has focused mainly on roots, studying how plants modify Pi availability in the substrate by secreting and accumulating acid phosphatases, nucleases, or organic acids, among others, on how plants increase Pi mining efforts by modifying root architecture and mycorrhization, and on how plants optimize Pi uptake and transport by fine-tuning the activity of a panoply of transporters, during Pi deficiency (Ha and Tran, 2014) . Roots are the hub of Pi deficiency sensing, signalling and response. In agreement, some of the best described symptoms of this condition are decreased shoot/root ratio, increased growth of lateral roots in detriment of the primary root, and the establishment of mycorrhizas (Niu et al., 2013) . However, in addition to roots, photosynthetic tissues also show important symptoms of Pi deficiency, including an overall reduced growth, an accumulation of anthocyanins, and chlorophyll loss, the last two occurring preferentially in older tissues and organs (Marschner, 2012) . Low Pi levels and Pi redistribution mechanisms lead to an imbalance among the ability of plants to process light energy and the light income, which in turn may cause photo-oxidative stress. The present review compiles the experimental evidence existing in the literature to discuss the mechanisms underlying photo-oxidative stress in Pi-starved plants, and up-scales the implications of this phenomenon from chloroplast, where photo-oxidative stress occurs, to whole-plant physiology.
Pi deficiency (and the strategies adopted by plants to optimize the use of the scant Pi) renders the light income excessive for their actual capacity to process it, thereby leading to photoinhibition: the inhibition of photosynthesis by light (Furbank et al., 1987; Giersch and Robinson, 1987; Heber et al., 1989; Jacob and Lawlor, 1992) . In chloroplasts, Pi is essential for photosynthesis. Most studies report that Pi deficiency leads to reduced net CO 2 assimilation (A), including reductions in stomatal conductance in most cases (e.g. Dietz and Foyer, 1986; Jacobs and Lawlor, 1992; Rao and Terry, 1995; Singh et al., 2013; Zhang et al., 2014a) . However, detailed studies have shown that non-stomatal limitations take over stomatal factors limiting A under Pi deficiency (e.g. Singh and Reddy 2011; Warren, 2011; Singh et al., 2013; Zhang et al., 2014a) . Whether biochemical limitations, such as the ribulose-1,5-bisphosphate (RuBP) regeneration capacity or the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) carboxylation efficiency, or mesophyll limitations to CO 2 diffusion are the prevailing factors limiting A in Pi-deprived plants, varies across different studies, species, and experimental set-ups (e.g. Longstreth and Nobel 1980; Rao and Terry, 1995; Fleisher et al., 2012; Singh et al., 2013; Zhang et al., 2014a) . In addition, phosphoenolpyruvate carboxylase (PEPC), the key enzyme in shuttling CO 2 from the mesophyll to the bundle sheath chloroplasts in C4 plants, has been reported to be down-regulated under low Pi availability in several C4 species (Iglesias et al., 1993; Salahas and Gavalas, 1997; Schlüter et al., 2013; Zhang et al., 2014a) .
In addition to decreased A, plants under Pi deficiency show profoundly altered photoassimilates partitioning. An enhanced accumulation of starch in chloroplasts and, to a lesser extent, sucrose and hexoses (fructose and glucose) in the cytosol, and a decreased accumulation of phosphorylated carbohydrates such as trioses-phosphate (TP), glucose-6-phosphate, fructose-6-phosphate or fructose-1,6-bisphosphate, occurs in Pi-starved plants (Fredeen et al., 1989; Dietz and Heilos, 1990; Rao et al., 1990; Kondracka and Rychter, 1997; Ciereszko and Barbachowska, 2000; Müller et al., 2007; Nilsson et al., 2007) . Despite the presence of PHT2 transporters in chloroplasts, the TP/Pi translocator (TPT) is the main Pi importer in chloroplasts (Versaw and Harrison 2002) . This transporter, located in the inner chloroplast membrane, translocates TP or 3-phosphoglycerate (PGA) from the chloroplast stroma to the cytosol in exchange of Pi with a one-to-one stoichometry (Fischer et al., 1997; Kammerer et al., 1998; Flügge, 1999) . The altered photoassimilate partitioning under Pi deficiency is due, to a great extent, to impaired TPT activity, since low cytosolic Pi availability restricts TP export (Furbank et al., 1987; Giersch and Robinson, 1987) . To avoid the accumulation of phosphorylated intermediaries that would hoard high amounts of the scant Pi, plants under Pi deficiency funnel TP to starch biosynthesis and to the accumulation of non-phosphorylated products, thereby releasing Pi (Fig. 1) . The accumulation of products of photosynthesis is known to negatively regulate the expression of several enzymes in the Calvin cycle (Martin et al., 2000; Paul and Pellny, 2003) .
In addition, ATP production is affected under low P availability. The photophosphorylation of ADP is impaired under Pi deprivation due to low availability of Pi in the stroma, therefore causing limited RuBP regeneration (Heber et al., 1989) . Furthermore, decreased utilization of reduction equivalents [NADPH and reduced ferredoxin (Fd red )] due to decreased activity of the Calvin cycle, together with enhanced acidification of the lumen pH due to restrained ATP synthesis, lead to the accumulation of reduced electron transporters such as plastoquinone or Fd red , which additionally negatively regulate the expression and activity of Calvin cycle enzymes and components of the photosynthetic electron transport chain (e.g. RuBisCO subunits, PSI and PSII) (Michelet et al., 2013) . In agreement, several enzymes of the Calvin cycle belonging to either the carboxylation, reduction or RuBP regeneration phases, are down-regulated both at the protein and the gene expression levels, an aspect that has been clearly shown to occur in several species under Pi deficiency, including Arabidopsis, white lupin (Lupinus albus L.) or maize (Zea mays L.), (Wu et al., 2003; Misson et al., 2005; Li et al., 2007; Morcuende et al., 2007; O'Rourke et al., 2013; Zhang et al., 2014a) .
As a consequence of the feedback inhibition of photosynthesis, severe Pi deficiency causes chlorophyll loss and decreased maximum quantum yield of the PSII (F v /F m ), which are symptoms of photo-oxidative stress (Heber et al., 1989; Guo et al., 2003; Weng et al., 2008; Zhang et al., 2014a) . Plants have evolved a repertoire of mechanisms to prevent and counteract this photo-oxidative stress, including profound changes in chloroplast biochemistry, such as the xanthophyll-cycle dependent-dissipation of excess excitation energy and the formation and quenching/scavenging of reactive oxygen species (ROS, for a review see Pintó-Marijuan and Munné-Bosch, 2014) . A first line of defence aimed at dissipating excess excitation energy and therefore preventing photo-oxidative stress in chloroplasts is the non-photochemical quenching of chlorophyll fluorescence (NPQ). A high transthylakoidal pH gradient (ΔpH) and a low lumenal pH are known to activate the energydependent component of NPQ (qE), which is quantitatively the most important NPQ fraction. This qE includes several hallmarks, among which xanthophylls (mainly lutein, zeaxanthin, antheraxanthin and violaxanthin) and the protonation of the PsbS protein are of prominent importance (Müller et al., 2001; Zaks et al., 2013) . Decreased stromal Pi in plants or chloroplast isolates under low Pi availability results in decreased thylakoidal ATPase activity due to limited Pi supply for the photophosphorylation of ADP, and leads to decreased lumenal pH and increased ΔpH in the presence of light (Furbank et al., 1987; Giersch and Robinson, 1987; Heber et al., 1989) . Although no study has dealt in detail with the importance of the PsbS protein in plant responses to Pi deprivation, the NPQ, the qE and the amount of harvested light dissipated as heat have been reported to increase in rice (Oryza sativa L.) and maize leaves under low Pi stress, and the zeaxanthin and antheraxanthin levels have been shown to increase in Pi-starved maize leaves as the ΦPSII decreases Schlüter et al., 2013; Zhang et al., 2014a) . Therefore, xanthophyll cycle-dependent excess energy dissipation in chloroplasts may serve as a mechanism to prevent photo-oxidative stress in chloroplasts.
An important mechanism to dissipate excess energy under photoinhibitory conditions is the so-called water-water cycle (Asada, 1999) . Weng et al. (2008) reported that the electron flow through the water-water cycle is enhanced in plants under Pi deficiency. This cycle consists of linear electron transport from water photolysis in PSII to Fd red , coupled to pseudocyclic electron flow to molecular oxygen leading to the production of O 2 -• at the PSI level. (Asada, 1999; Foyer and Noctor, 2011) .
ROS produced in chloroplasts include the aforementioned superoxide anion (O 2 -• ) and hydrogen peroxide (H 2 O 2 ), as well as the more short-lived and therefore more reactive hydroxyl radical (HO • ) and singlet oxygen ( 1 O 2 ) (Møller et al., 2007) . If not scavenged in the Foyer-Halliwell-Asada pathway, H 2 O 2 can be easily converted to HO
• by transition metals, thereby oxidizing neighbouring cell components such as lipids, sugars, proteins and nucleic acids (Møller et al., 2007; Richards et al., 2015) . In addition, the accumulation of reduced electron transporters downstream of the first electron acceptor, particularly at the PSII level, promotes the formation of 1 O 2 (Krieger-Liszkay, 2005) . The formation of 1 O 2 in chloroplasts is the main cause of the enhanced lipid peroxidation and chlorophyll bleaching experienced by leaves during photooxidative stress (Triantaphylidès et al., 2008; Kim and Apel, 2013) . In agreement, several studies report on the enhancement of malondialdehyde (MDA) levels, an indicator of lipid peroxidation, in plants or chloroplast isolates under insufficient Pi supply, thereby suggesting that Pi deficiency may lead to photo-oxidative damage to chloroplast membrane lipids (Juszczuk et al., 2001; Guo et al., 2012; Zhang et al., 2014a) .
Despite current evidence supporting the hypothesis that Pi-starved plants activate xanthophyll cycle-dependent excess energy dissipation and the water-water cycle as photo-and antioxidant mechanisms, and that the lack of doing so can lead to increased lipid peroxidation, there are still several unknowns on the activation (or lack thereof) of mechanisms of photo-and antioxidant protection in Pi-deficient plants. The oxidation of cell components by ROS in a sustained manner to bring about the damage that most stress factors inflict to plant cells is well reported (Møller et al., 2007) . Still, transient increments in the levels of ROS and some cell component oxidation products (e.g. lipid peroxidation products or oxidized proteins) are involved in defence cell signalling in response to many stimuli such as biotic and abiotic stresses, and developmental clues (Mittler et al., 2011) . To counterbalance the deleterious effects of ROS and to exert a tight control over ROS levels for signalling purposes, plants have evolved a complex grid of antioxidant defences that involves non-enzymatic water-soluble antioxidant compounds [e.g. ascorbate and glutathione (GSH)] that provide electrons, and act in concert with antioxidant enzymes [e.g. superoxide dismutases (SOD) and ascorbate peroxidases (APX)] that catalyse redox reactions; and non-enzymatic lipid-soluble antioxidant compounds (e.g. tocochromanols-vitamin E and plastochromanol-8-and carotenoids), which prevent lipid peroxidation and control ROS levels in photosynthetic membranes (Kruk et al., 2014; Miret and Munné-Bosch, 2015) . These antioxidant mechanisms interact with one another in parallel or in sequential action to control more efficiently the levels of various oxidizing agents and oxidatively damaged products. Although the production of O 2 -• is enhanced and most studies report on increased overall water-soluble antioxidant levels and antioxidant enzymatic activities in plants under Pi deficiency, including changes at the gene expression level (Jacob and Lawlor 1992; Xu et al., 2007; Weng et al., 2008; Zhang et al., 2014a) , further research is needed to better understand the implication of lipid-soluble antioxidants in the protection of the photosynthetic apparatus under Pi starvation. Furthermore, galactolipids have been shown to replace phospholipids in biomembranes under Pi starvation (Dörmann and Benning, 2002) , and a new class of plant lipid, glucuronosyldiacylglycerol, has been shown to protect plants against Pi starvation (Okazaki et al., 2013) . Since carotenoids and tocopherols are known to affect membrane fluidity (Havaux, 1998) , changes in the composition of lipid membranes, including those of lipid-soluble antioxidants, have to be considered in the study of the preservation of thylakoid membrane function under Pi starvation.
In summary, Pi deficiency causes a decrease in A, which creates an imbalance among the light income and plants' capacity to process it thereby causing photoinhibition. In addition, modified photosynthate partitioning aimed at optimizing Pi utilization, and decreased photophosphorylation of ADP, contribute to a negative feedback of photosynthesis thereby aggravating photoinhibition. Under these photoinhibitory conditions, xanthophyll cycle-dependent excess energy dissipation and the water-water cycle are activated, but if these mechanisms fail to keep redox homeostasis, plants may suffer from photo-oxidative stress symptoms such as chlorophyll loss and lipid peroxidation (Fig. 2) .
Effects of low Pi levels at the cellular and tissue levels While chloroplasts and mitochondria are the organelles with the highest Pi requirements, vacuoles buffer oscillations in Pi availability. When the Pi supply is optimal, about 90% of the cellular Pi is within the vacuole (Bieleski and Ferguson 1983; Pratt et al., 2009) . In contrast, in leaves under low Pi availability most of the Pi is in chloroplasts, mitochondria and the cytosol ('cytosol' here meaning the cytosol itself and the endomembrane system), and Pi levels in the vacuoles decrease dramatically to maintain Pi homeostasis in the former compartments (Pratt et al., 2009 ). This altered distribution indicates the existence of a yet unknown mechanism that regulates vacuolar Pi remobilization so that only under severe Pi deficiency do cytosolic Pi levels decrease (Lee et al., 1990) . So far the nature of the transporter(s) mediating vacuolar Pi uptake is unclear, but the existence of secondary active transport has been suggested (reviewed by Rausch and Bucher, 2002) . Despite the certainty of the existence of an intracellular mechanism to buffer Pi deficiency in the most sensitive compartments, how impaired intracellular Pi buffering capacity may affect photoinhibition and photo-oxidative stress has never been explored.
A clear example of the physiological significance of the coordinated action of different organelles to mitigate Pi deficiency at the cellular level is the photorespiratory cycle, which involves not only chloroplasts, but also mitochondria and peroxisomes (Fig. 3) . Under photoinhibitory conditions, the oxygenase activity of RuBisCO is enhanced in detriment of its carboxylase activity, thereby giving rise to the photorespiratory cycle. Photorespiration serves, on one hand, as a mechanism to dissipate excess excitation energy by using the ATP and reduction equivalents generated by photophosphorylation and NADP + reduction by Fd red , respectively, to oxidize RuBP to CO 2 and 2-phosphoglycolate (Foyer et al., 2009) . But on the other hand, this cycle also poses a mechanism to recycle Pi since the action of phosphoglycolate phosphatase, glycerate kinase and glutamate synthase release Pi within the chloroplast stroma. Indeed, photorespiration has been shown 3 . Energy dissipation mechanisms operating in the different subcellular compartments within a C3 photosynthetic cell. Blue text indicates energy dissipation mechanisms; arrows indicate chemical reactions; dashed arrows stand for sets of sequential reactions; grey arrows stand for side-reactions within the photorespiratory cycle. P, inorganic phosphate; 2OG, 2-oxoglutarate; 2PGC, 2-phosphoglycolate; 3PGC, 3-phosphoglycerate; C2, oxygenase activity of the ribulose-1,5-bisphosphate carboxylase/oxygenase; GA, glycerate; GC, glycolate; Glu, glutamate; Gly, glycine; GX, glyoxylate; NPQ, non-photochemical quenching; PTEC, photosynthetic electron transport chain; ROS, reactive oxygen species; Ser, serine; W/W, the water-water cycle.
Photo-oxidative stress in phosphate-starved plants | 2893 to increase in a range of species under Pi deprivation [e.g. sunflower (Helianthus annuus L.), spinach (Spinacia oleracea L.), maize, bean (Phaseolus vulgaris L.), or the green algae (Chlorella vulgaris)], and impairing photorespiration leads to enhanced sensitivity to low Pi availability (Heber et al., 1989; Jacob and Lawlor, 1993; Kozlowska and Maleszewski, 1994; Hauschild et al., 1996; Kondracka and Rychter, 1997; Zhang et al., 2014a) . Furthermore, NADH is readily oxidized in mitochondria and peroxisomes in reactions of the photorespiratory cycle, thereby collaborating with the energy-dissipation role of this pathway. Furthermore, photorespiration is quantitatively the most important source of H 2 O 2 in illuminated plant cells, which arises in peroxisomes as a product of glycolate oxidase (Foyer and Noctor, 2003) . Photorespiratorythus peroxisomal-H 2 O 2 is most often effectively scavenged by catalases (CAT), which abound in peroxisomes, but high photorespiratory H 2 O 2 production triggers deep transcriptome rearrangements, particularly under excess light income (Vandenabeele et al., 2004; Vanderauwera et al., 2005) . On the other hand, mitochondria have also large Pi requirements due to the need of adenylates and Pi for oxidative phosphorylation, the core of the energetic metabolism (Pratt et al., 2009) . Among the adaptive responses to low Pi availability, plants activate metabolic bypasses to avoid high Pi-requiring reactions in the cytosolic glycolytic pathway (e.g. PEPC and malate dehydrogenase as an alternative to pyruvate kinase) and alternative oxidases in the respiratory electron transport chain (Nagano et al., 1994; Morcuende et al., 2007; Gregory et al., 2009; Plaxton and Tran, 2011; Masakapalli et al., 2014) . Moreover, heterotrophic plant cell cultures under Pi deficiency consume carbohydrates in a less efficient manner on a growth unit basis (Masakapalli et al., 2014) . Furthermore, recent evidence indicates that carbohydrate oxidation is funnelled to chloroplast reactions of the oxidative pentose phosphate pathway in detriment to parallel cytosolic reactions (Masakapalli et al., 2014) . The significance of this shift is still unclear, especially taking into account that this phenomenon has been observed in heterotrophic plant cell cultures, but nevertheless it suggests a coordinated action of different organelles in plants growing under insufficient Pi supply.
Little is known about tissue-specific responses to Pi deprivation in photosynthetic organs, but from the differential accumulation of anthocyanins in different tissues and the different responses of mesophyll and bundle sheath chloroplasts in C4 species under low Pi supply, it is assumed that this specificity must exist. One of the first macroscopic symptoms of Pi deficiency is the accumulation of anthocyanins, rendering leaves dark green or even purple (see, for instance, Jiang et al., 2007; or Kovinich et al., 2014) . Although no study has dealt with the subcellular or tissue-specific patterns of anthocyanin accumulation in plants under Pi deficiency in particular, these pigments accumulate in the vacuoles of epidermal cells in most conditions (see for instance Ahmed et al., 2009; Pourcel et al., 2010) . It is assumed that the role of anthocyanin accumulation in leaves of Pi-starving plants is photoprotective, as it is the case in other abiotic stress conditions leading to photoinhibition (e.g. Gould, 2004; Gould et al., 2010; Tattini et al., 2014) , but this assertion has never been proven empirically in plants under Pi deficiency, to the best of our knowledge. Vanderauwera et al. (2005) reported that enhanced production of photorespiratory H 2 O 2 by CATdeficient Arabidopsis plants delays the expression of anthocyanin biosynthetic genes in response to excess light. This result might at first glance seem contradictory with the positive role of photorespiration in plant responses to low Pi and the accumulation of anthocyanins under Pi deficiency, but they may be explained if the expression or activity of CAT would be enhanced in parallel to photorespiration under Pi deficiency, which indeed has been reported to occur in common bean (Ávila et al., 2013) .
Another example of coordinated responses among different tissues is the differential behaviour of mesophyll and bundle sheath chloroplasts in C4 plants under low Pi supply. Despite requiring higher amounts of Pi than in C3 plants, A in C4 species is less sensitive to low Pi (Ghannoum and Conroy, 2007; Ghannoum et al., 2008; Fernández et al., 2009) . Phosphoenolpyruvate (PEP) export from the mesophyll cell chloroplasts to the cytosol is mediated by a particular high-affinity Pi translocator characteristic of C4 mesophyll cells. This translocator exports PEP (although it has a certain inespecificity for TP) to the cytosol in exchange of Pi, and shows higher affinity for Pi than Pi translocators in the bundle sheath chloroplasts (Heldt et al., 1991; Ohnishi et al., 1989; Iglesias et al., 1993) . The relevance of this differential Pi translocation in mesophyll and bundle sheath in plants under Pi deficiency is unclear, but nevertheless it suggests a differential behaviour of chloroplasts in the framework of two different photosynthetic tissues.
In summary, chloroplasts, mitochondria and the cytosol of photosynthetic tissues show the highest Pi requirements, but the coordinated action of different organelles and tissues contribute to the optimization of Pi use. This optimization may include photoprotective mechanisms such as the accumulation of anthocyanins in epidermal cells, an aspect that warrants further investigations.
Impact of Pi deficiency at the whole-plant level
Different tissues and organelles act co-ordinately to prevent low Pi-induced photo-oxidative damage in chloroplasts. Obviously, the main organ involved in keeping Pi homeostasis in leaves is the root system, which has evolved finely tuned signalling mechanisms to counteract Pi deficiency in plants (for recent reviews see Chiou and Lin, 2011; Zhang et al., 2014b) . It is well established that root tips are the sensors of low Pi availability, although it is poorly understood how this happens (Svistoonoff et al., 2007) . Ca 2+ , sucrose, ROS and phosphoinositides (PI) have been shown to be involved in Pi deficiency signalling in tomato (Ca 2+ ) and Arabidopsis (sucrose, ROS and PI; Muchhal et al., 1997; Stevenson-Paulik et al., 2005; Tyburski et al., 2009; . Aside from local (root) responses to low Pi availability, the low-Pi signal must be communicated to the entire system to trigger systemic adaptive responses to the condition. For this, the need of xylem transport has been suggested (reviewed by Zhang et al., 2014b) . The systemic signal(s) transported from roots to photosynthetic tissues remains elusive, but it is a subject of intense research. So far, cytokinins (CK) and strigolactones (SL) are the best candidates, but Pi itself and other phytohormones, including abscisic acid (ABA), auxin, ethylene and giberellins (GA), have also been proposed. Here, we will discuss how these signals may influence photo-oxidative stress in leaves of Pi-starved plants.
Low Pi availability causes an overall reduction of CK levels and expression of CK receptors, CK inhibits the expression of many genes that are activated under low Pi stress, exogenous CKs repress systemic responses to Pi starvation, and this negative effect is attenuated in mutants lacking functional CK receptor(s) (Chiou and Lin, 2011; Zhang et al., 2014b) . On the other hand, CKs are involved in plant responses to a range of stress factors that share the common theme of an underlying photo-oxidative stress (such as high light, drought, cold and osmotic stresses; e.g. Rivero et al., 2007; Tran et al., 2007; Jeon et al., 2010; Tounekti et al., 2011; Macková et al., 2013; Cortleven et al., 2014) . CKs promote chloroplast development and the formation and turnover of photosynthetic machinery, so decreased CK levels render plants hypersensitive to excess light (Cortleven et al., 2014) . In addition, CKs promote the activity of apoplastic invertase and hexose transporters, so CK concentration determines the sink activity of a cell, tissue or organ (Roitsch and Ehneβ, 2000) . Lower overall CK levels in Pi-deprived plants may increase the proportion of source tissues compared to the sinks thereby promoting nutrient (including Pi) remobilization. Therefore, reductions in CK may help induce photo-oxidative stress in mature leaves of Pi-starved plants. It is noteworthy that both reductions in CK levels and enhanced photo-oxidative stress are hallmarks of leaf senescence (Juvany et al., 2013) . Furthermore, recent genetic and genomic studies provide compelling evidence that sucrose is a global regulator of plant responses to Pi starvation . Under Pi starvation, the anthocyanin content in the Arabidopsis hps1 mutant, which is hypersensitive to phosphate starvation, was three times that in wildtype plants. In addition, hps1 plants have reduced amounts of chlorophylls and carotenoids under both Pi-sufficient and Pi-deficient conditions compared with wild-type plants, suggesting an increased photo-oxidative stress . This mutant phenotype is caused by overexpression of the SUCROSE TRANSPORTER2 (SUC2) gene. As a consequence, hps1 has a high level of sucrose in both its shoot and root tissues . In Arabidopsis, sugar accumulation signals high carbon availability once growth has ceased, resulting in senescence-dependent nutrient recycling to the seeds (Wingler et al., 2012) .
SLs are important signalling molecules in root-to-shoot communication that report on low Pi availability. The endogenous levels of SL are boosted during Pi starvation, and the SL export from roots to aboveground tissues is also enhanced under this condition (Kohlen et al., 2012; Yoneyama et al., 2012; Foo et al., 2013) . In agreement, low Pi leads to reduced shoot branching, and SL-deficient plants and plants with altered SL signalling show this response impaired (Umehara et al., 2010; Kohlen et al., 2012) . In addition, this group of compounds is well described to be involved in the establishment of symbiosis with arbuscular mycorrhizal fungi and in root and shoot branching, processes tightly linked to Pi uptake by roots (Chiou and Lin, 2011; Zhang et al., 2014b) . However, no study has dealt so far with the possible consequences that altered SL levels or signalling may have on low Pi-induced photosynthetic performance, photoinhibition or photo-oxidative stress. Woo et al (2004) showed that the Arabidopsis ore6 mutant, which is defective in SL signalling, shows enhanced tolerance to exogenous H 2 O 2 , methyl viologen (a generator of O 2 -• ), salicylhydroxamic acid (a peroxidase inhibitor), and N,N-diethyldithio carbamic acid (an inhibitor of SOD). This enhanced tolerance consists of maintenance of high F v /F m and chlorophyll content upon exogenous application of the aforementioned chemicals. Therefore, it is likely that reduced SL levels in leaves may help prevent photo-oxidative stress. Further research is however needed to better understand the link between SL and photo-oxidative stress in plants, particularly under P deficiency.
CK and SL may be the best candidates for root-to-shoot signals to report on low Pi, but many studies have shown that Pi itself, ABA, GAs, auxin and ethylene are involved in plant responses to low Pi (reviewed by Chiou and Lin, 2011) . Highaffinity Pi transporters can use phosphite (Phi; which includes H 2 PO 3 -and HPO 3 2-[phosphonate]) instead of Pi, but once in the symplast Phi cannot be metabolized as Pi is (Carswell et al., 1996) . Feeding plants with Phi instead of Pi inhibits several responses of plants to low Pi (e.g. the increment of the root/shoot ratio, anthocyanin accumulation and the expression of many Pi starvation-induced genes), which initially led to the idea that Pi itself may be the systemic signal reporting on Pi availability. However, later studies have shown that pho1 mutants, which show decreased Pi levels in aboveground tissues but not in roots, show no phosphate starvation response in photosynthetic tissues (Poirier et al. 1991; Rouached et al. 2011) . Such findings have subsequently put aside the idea that Pi itself is a systemic root-shoot signal. The phytohormones GAs, ethylene, ABA and auxin are also involved in plant responses to Pi deprivation, but their implication seems to be of prominent importance in adjusting the root architecture during low Pi stress (Chiou and Lin, 2011; Zhang et al., 2014b) . Still, these phytohormones are involved in responses of photosynthetic tissues to low Pi and may affect plant responses to low Pi-induced photo-oxidative stress.
The biosynthesis of GAs is repressed at transcriptional level when Pi levels are low (Devaiah et al., 2009 ). The consequently increased DELLA protein levels cause growth retardation and trigger the accumulation of anthocyanins in leaves (Jiang et al., 2007) . In plants under salt and osmotic stresses-two conditions known to cause photo-oxidative stress-increased DELLA levels led to decreased ROS formation and enhanced antioxidant defences (Cu/ZnSOD, CAT and GSH-S-transferases) (Achard et al, 2008) ). The ROS source that is restrained by DELLA proteins is the cell wall-bound NADPH oxidase AtrbohD, which suggests that the role of GAs in the responses of photosynthetic tissues to oxidative stress is more related to ROS-induced programmed Photo-oxidative stress in phosphate-starved plants | 2895 cell death than to photo-oxidative stress, although both processes may be tightly linked. Furthermore, in the same study, the authors showed that the ga1-3 mutant, deficient in GA biosynthesis, shows delayed ROS-induced cell death associated with increased DELLA levels. In addition, GAs have been involved in Arabidopsis responses to the photo-oxidative stress occurring during seedling de-etiolation by modulating chlorophyll and carotenoid biosynthesis (Cheminant et al., 2011) , but whether this involvement goes beyond the development of a mature photosynthetic machinery remains to be determined.
Ethylene levels and sensitivity increase during Pi deficiency (Zhang et al., 2014b) . Aside of the implication of this phytohormone in tuning root architecture, it has been shown that ethylene regulates Pi remobilization from source to sink organs during petal senescence (Chapin and Jones, 2009 ), but this role has not been tested in leaves or other photosynthetic tissue so far. Conversely, showed that although ethylene is involved in some of the responses of Arabidopsis to low Pi stress, such as moulding root architecture, anthocyanin accumulation is negatively modulated by this phytohormone. Ethylene is crucial in the survival of plants to different stress factors by modulating, together with salicylic acid, jasmonic acid and ABA, ROS-induced programmed cell death. Thus, ethylene production during Pi starvation may lead to growth arrest and enhanced survival, as happens in other stress conditions such as drought or salt stress (reviewed by Bartoli et al., 2013) .
Auxins have been classically regarded as a group of phytohormones modulating growth and developmental processes in plants. However, it is now clear that auxins mediate a number of plant responses to abiotic stress factors by tuning plant architecture, anatomy and development, to optimize their performance under the stress condition. These responses, which have been termed stress-induced morphogenic responses (SIMR), consist of the inhibition of cell elongation, localized activation of cell division and alterations in cell differentiation, which ultimately lead to the redistribution of the growth patterns (Potters et al., 2007 (Potters et al., , 2009 . Auxins are involved in modulating root architecture in response to low Pi (e.g. López-Bucio et al., 2002; Wu et al., 2005) . Much less is known about any possible implications in low Pi-induced photo-oxidative stress. However, polar auxin transport, which is the basis of most processes depending on auxins, is strongly affected by SL (Waldie et al., 2014) , so many of the functions of SL in plant responses to Pi depend on auxins. In addition, although the involvement of ABA in plant responses to Pi deprivation is minor, it is noteworthy that ABA-insensitive Arabidopsis mutants under low Pi show impaired anthocyanin accumulation (Trull et al., 1997) .
In summary, CK and SL seem the most promising candidates for systemic signals reporting on low Pi availability. CK are involved in controlling low Pi-induced photo-oxidative stress by regulating the development of the photosynthetic apparatus and establishing the balance among source and sink tissues (Fig. 4) . SL and other phytohormones, including GA, ABA, ethylene and auxin, are also involved in plant responses to low Pi availability, but their involvement in low Pi-induced photo-oxidative stress is still unclear beyond their involvement in low Pi-induced anthocyanin accumulation.
Conclusions and perspectives
Plants under Pi deficiency show restricted growth due, at least in part, to decreased A. This decrease in A is a consequence of the lack of Pi for the normal utilization of the photoassimilates and intermediaries, which in turn down-regulate photosynthesis at different levels. Low Pi triggers excess energy dissipation mechanisms in photosynthetic tissues, including the activation of NPQ (heat dissipation), the water-water cycle, and the photorespiratory cycle. The chloroplast-specific antioxidant machinery is expected to react to a different extent depending on the ecology and physiology of each particular species and the severity of Pi deficiency. In this Fig. 4 . Canopy responses to systemic phosphate deficiency. Low Pi availability leads to decreased Pi supply to photosynthetic tissues, and triggers phosphate remobilization. In this process, weak sinks are turned into sources, possibly due to altered cytokinin levels. The dashed arrows indicate systemic phosphate flows. CK, cytokinins; SL, strigolactones; Pi, inorganic phosphate; the colours denote the macroscopic symptoms of Pi deficiency in photosynthetic tissues: stress-induced leaf senescence and anthocyanin accumulation, preferentially in the leaf edges.
regard, an efficient subcellular redistribution of Pi across the different compartments during low Pi availability is essential to prevent low Pi-induced photo-oxidative stress. It should be remembered that under low Pi stress, not only are photosynthetic processes leading to photo-oxidative stress affected, but also the core energetic metabolism, such as glycolysis and the tricarboxylic acid cycle, shows altered metabolite fluxes. The importance of metabolic flux rearrangement in different compartments remains to be fully understood, but it may be aimed at optimizing Pi use and at ensuring Pi availability in the most sensitive organelles. Furthermore, low Pi availability has a strong impact in the physiology of the entire plant. Consequently, systemic signals are expected to coordinate plant responses to this condition. CK and SL are currently the most promising candidates for such a role. CKs seem the most likely link between sensing low Pi in roots and low Pi-induced photo-oxidative stress, but further investigation is required for establishing a clear mechanism of CK action in this regard.
